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ABSTRACT

High performttnce requirements for the Imaging Science Subsystcm (ISS)/Nrmrow  Angle Camera (NAC)
- instrument on the NASA/Jet Propulsion Laboratory (JPL) Cassini spacecraft impose very stringent demands for

dimensional stability of metering rods in the camera’s itthermalizing  system. Invar 36 was chosen as a baseline
matcrinl  because it possibly could meet these requirements through high purity control and appropriate
thcrmomechanical  processes. A powder metallurgy process appears to bc the mrmufacturing  method to ensure high
purity and cleanliness of this mntcriai.  Therefore, a powder rncta]lurgy  manufacturer was contacted and high purity
(HP) Invnr 36 was produced per JPL engineering requirements, Several heat treatments were established and heat
treated 11P Invar 36 samples were evaluated. Coefficient of thermal expansion (CIE), thermal hysteresis and
temporal stability test results are reported here. The test results indicote that JPL has succeeded in obtaining possibly
the most dimensionally stable  (lowest CT% plus lowest temporal change) Invar 36 material ever produced. (XE <1
ppnv”C  are reported here along with temporal stability c 1 ppntiycar.  These dimensional stability properties will meet
the rcquircmcnts  for metering rods on the Narrow Angle Camera.

1. INTRODUCTION

lhc Jet Propulsion Laboratory (JPL) is presently building and testing n near ultraviolet and visible
wavelength Imaging Science Subsystcrn  (ISS)/Narrow  %glc Camera (NAC) instrument (Fig. 1) for usc on the
Salurn-bound NASA/JPL Cassini spacecraft. l’his  imagining system is a next generation system compared to those
which JPL has flown on previous spacecraft. l%c optical prescription is more demanding of tight tolerances as optical
performance goals of broader spectral rnngc arc much more ombitious while maintaining the diffraction limited
systcm  of the Voyager spacecraft design. For bulk temperoturc  changes, the camera has an “athcrnmlizing  system”.
l’his systcm  uscs the metering rods which allow the optical clcmcnts to move relative to the camera and to
thcmsclvcs  in such a way as to rctnitin in their  optimal positions ;is the temperature of the system varies. Howcwcr,
the elimination of aperture correctors and the use of mpheric surfaces on the mirrors makes the design very sensitive
to dimcnsiunal  errors which in turn impose very stringent dcmfinds for dimensional stability of the metering rods in
the athcrmitlizing  sys[cm. In order to meet the ~~]l~~ri~’s  optical requirements, thu rods should meet rigorous
rcquircmcnts  for very low thcrmill  expansivity and temporal instability, possibly at a milgnitudc  never required before.
‘]”hc metering rods must be nliid~ of a nlatcriai  with a coct’ficicnt  of thcrrnal cxpi]nsion  (t71’1{) of c 1 ppm~C and with
combined tcmp~~ral (long term) stabiliiy  and t!~~rIt~ill  hysteresis (return [o original length after thermal qcling)  of <1

ppm/year.

It was a major ~hi~ll~ng~  to JPL to find a nlaterial which could meet these dimensional stnbilily  requirements
while still possessing other  necessary attribu[cs such M n~cchilnical  strength and mi~chinahility.  In the scicction
process, Inwtr 36 matcri:d was chosen as the haselinc  nlilt~riill.  In previous JI’L missions such M the Viking and
Galileo spacecraft, conventionitlly  produced Invar 36 was used for metering rods and it worked well enough.
However, dimensional stability requirements were not as rigorous as they m-e for this next  generation ISS/NAC
imaging systmn instrument. According to our studies, the Invar 36 milt~ri:~l  could  possibly meet the dimensional
stabili[y  rcquircmcnis  if high purity con(rol  and appropriate tllcr]llc)ll~c~tliini~~l  processes were maintained. Super-
Invar (I~c-Co-Ni),  iiith~ugh  superb at room tcmpcraturc,  was clirnini]tcd  during the selection process for scwmd
reasons discussed IiltCr  in this paper.
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l:igurc 1: Current Configuration of Narrow Angle Ckncra  (NAC for Cassini  Spacecraft

‘1’his p:lpcr describes how JI’I. dctcrmincd the requirements for Inv:lr 36 matcrinl  (chemic:ll  composition,
mmruf:lcturing  and process methods, etc. ) which possibly could nwct the dimcnsion:d stability rcquircmcnts for
ISS/NAC metering rods. It also reports how high puri[y  (1 1P) lnvar was fabricatcci  and procured pm JPL instructions,
heat trcatccl  in order to improve dimensional stability even further and finally tested. As a result, JPL hns succeeded
in obtaining possibly the most dimensionally stable Invnr 36 nm[cri:ll  ever produced.

2. D1MENS1ONAL STABILI1’Y  OF lNVAR 36: PREV1OLJS STUDIES

Since its discovery by Guillaumc  (l{cf. I ) in 1896, Inv:lr  (l~c-36Ni)  1):1s proved of considerable scientific and
practical interest bcwausc  of its remarkably low coefficient of thermal  expansion (C’1’E)  near room temperature, This
effect is attributed to the unique nwgnctic feature of this alloy (Ref. 2). Depending upon chcmicnl  composition, heat
treatment, extent of cold dcform:~tion  and other subtle  factors, the C1’l; of Invar has been reported (Ref. 2- 8) to
vary from -0.610 +3.0 ppnl/T in the tcmpcraturc  rang,c  nt -70 to + 100”C. With careful controls, it is commercially
practicnl to produce Inv:lr  h:iving  Icss-variable C’1’H v: Ilucs, e.g., 0.8101.6 ppm~C in the range of 30 to 100”C (Ref.
9). In gcncml,  the CH’1{ of lnvar is nl:lrkcdly  intlrrcrrcccl by carbon and other impurities and typically incrcascs with
increasing carbon/impurities content. ‘1’hc C_l’1{ of Invar is also inftucnccci  by thcrnml  and mcchrmical  treatments. P’or
example, fnst w:ltcr  quenching from ;]bout  800”C produces a lower C’1’lj than dots furnace cooling. I’he CTll is
further rccluccci by cold working and even ncg:ltivc vnlucs have been reported (Ref. 8).

It is not gcncrnlly  known among Invor’s  users  th;]t its cxccllcnt  thcrm:il  stability (low C“I’ll) is not necessarily
matched by its isothermal temporal (long term) stability. ‘1’cmporal instability values as high as + 11.0 ppndday at
tcmpcrnturcs of 20 to 70°C hnvc been reported for various lnvar composition and tl]crI)~onlccllanical  condition (Ref.
3, 5, 6, 7, 10, 11 and 12). [Jnfortunatcly,  correlation of some publicized ciata was very difficult bccttusc  of the wide
variations and often incomplete records of test methods, n~casurcmcnt  sensitivity, nmterial  composition and
tllcrnlc>nlcctl  iltlic;ll  anti testing conditions.

1,:tscr mc:lsuremcnt  technologies h:wc f;lcilit:ltcd  tremendous progress in mcasurcrncnt  sensitivity and hnve
nmdc it much easier to study ciimcnsional  instability on n daily basis with accuracies of 0,01 ppm or better (Ref. 13-
17). ‘1’hc  University of Arizona’s (U of A) Optic;il  Science Center piorrccrcd lnscr optical hcterodync and frequency
stabilization of lasers and h:]s cicvclopcd  :~nd equipped a li]bor:ltory to utilize stabilized lasers for precision
nlc:lsurcnwnts  (l{cf. 18- 22). Very signific:tnt  publications on the topic of lmmr and Super-Invm’ temporal stability



hnvc come from usc of this laboratory. All these stuctics,  performed on commercial lnvars, indicated the large  effect
of carbon and other impurities on tctnporal  stability properties. Temporal stability increases ( lower Icngth change
rate) with decreased carbon and impurities content. l’cmporal stability is also in ffucnccd  by test temperature,
tcmpcrnturc changes, heat trcntnwnt and thcrr~lon~cch:tnic:ll  proccsscs. In ,gcncral,  Invar 36 tested at an clcvatcd
tcmpcraturc  up to 60”C had lower temporal stability than at room tcmpcraturc  (at least for .sevcral  months during
testing) and tcrnpcraturc changes caused a diffcrcncc  in length  change rates. ‘Ilc heat treatment, depending on
previous lnvar process history, may incrcasc or dccrcasc  the tcrnporal  stability. Sornctirncs the simplest treatment
could bc the most effcctivc (Ref. 18). ‘] ’he main purpose of the heat treatment is to stabilize/stress rclicvc Invar 36
matcriol  and accelerate the aging process. In U of A’s studies, the commercial Invar 36 expanded, with rates varying
from 1.5 to 27 ppndycw-. All these findings arc consistent with the finding of Lemcnt et. al., in 19S0 (Ref. 3). In this
lnndmm-k  pnpcr,  the Massachusetts Institute of “1’cchnology  (MI-l’) tcarn proposed the mechanism of Invar
dimcnsiotml  instability. It appcm-s, according to this theory, that in most commercial Invar 36 investigated (with some
carbon content), the carbon-dependent y-expansion wm. the dominant phenomenon causing Invar to expand wiih
time. Also Super-Invar (l;e-Co-Ni)  was invcstigrted  at the U of A% Optical Scicncc  Center. This matcrird, although
superb at room temperature, was eliminated by JPL during the selection process bccatrse of its highly con~position-
dcpcndcnt irrcvcrsiblc  phase transformation, tcn~]>cr:lt~lrc-dcpendcllt  tcrnporal  stability and difficulties in fabrication.

I]ascd on conducted studies, dcscribcd above, it was concluded that low cnrbon/impurity  content notably
improves both thermal and temporal stability of Invar 36, In addition, JPL dctcrmincd that cornrncrcinlly  made Invar
36, very Iikcly will not meet dimensional stability rcquircrnents for rnctcring rods and the most reliable route to
dcvclopmcnt  of a very stable Invar is ultra-high purity lnvar 36. It was suggested that a very pure Invar 36 could have
both thermal and tcrnporal  properties at ]cas[ as good as Super-Invar without the problems just mentioned above.

3. ]IICII  I’URIIY (11P) INVAR 36 MATERIAL

A powder metallurgy process appeared to be a simple and rclativc]y  incxpcnsivc  manufacturing method
ncccssmy to ensure high purity and cleanliness of lnvar 36 material. Product purity and tight chemistry-control
afforded by the powder metallurgy process could provide rcproctuciblc  high din~cnsiorral  stability properties. In the
powder metallurgy process, accurate amounts of pure elemental powders arc weighed to meet the exact chcrnical
composition. ~’hc blcndcct powctcrs are pressed into billet  form and :~lloycd  by sintering  in a controlled atmosphere.
In conventional alloy production, such M air or vacuum rnclting,  thct-c arc two major sources of contamination which
somctirncs cannot bc eliminated: deoxidants  added during tbc melting operation and refractory materials picked up
in the furnncc during melting and from the mold lining when the rnctal  is poured. Limited chemistry control of
convcntiona]ly mcltcct  prociucts  is generally “during the event”. A sarnplc analysis is made during the melting and then
adjustments arc rnadc accordingly. ‘1’hc last :lni~lysis  is reported m the alloy chemistry but may not represent the
actual composition throughout the melt, On the other hanci, powder metallurgy products arc controkd  “before the
event”. Prior to USC, the clcmcntnl  powders arc thoroughly analyzcci  and then the alloy is prcpnrcd by precise
weighing and blending the spccificct  clcmcnts.  ‘1’bus, exact composition and purity arc generally assured.

l)uring our search, a powder metallurgy manufacturer, Spang Specialty Mctnls,  llutlcr, I’A, was contacted
and a high purity (111’) Invar 36 sin[crcd billet  10.16 cn~ x 10.16 cm x 137.16 cm (4” x 4“ x 54”) was produced pcr the
J] ’I. rcquirwmcnts.  ‘1’his  bil]ct  was then sent  to Scientific Alloy, Inc., Wcstcr]y,  1{.1., for further thcrmomcchanical
proccsscs  to incrcasc  the material’s strength and dcnsi[y~  Scientific Alloy, Inc., cut the billet into two picccs. The first
wi~s used to draw (extruded) the rods of 0.79 cm (.312”) diameter and 101.6 cm (40”) length. ‘1’hc second was hot
hmnmcrcd  into 5.71 cm x 26.03 cm x 30.48-60.96 Cm (2.25” x 10.25” x 12°- 24 I’) s]nbs.  “1’hc ~xtrudcd  rods were
plmrncd  to bc used for the lSS/NAC rnctcring rod and were tested for dimensional stnbility  later on. Chemical
analysis, pcrformcxi  at J])], and fit othor  labs for comparison study, confirmed the high purity of this Invar 36
nli~t~rii]l,  with a carbon content of O.01$%  or less and other impurities lCSS than O.01% (’1’able I).

4. TEST 1’1,.4N 1-01{ L)1NIENS1ONAI. STABILITY EVAI.UATION

A test  plan for dimensional stabili(y  cvalua[ion was designed bnscd on the assumption that the findings from
previous studies on commercial Invars  could be also applied to 111’ Invar 36. ‘l’his test plan was described in Ref. 23
and is briefly summarized in ‘1’able 11. ‘1’hc proposed ~iimcnsional  stabi]ity  cvaluatiorr  activities of 111’ Invar 36



included several types of heat treatment before testing. “1’hcsc  heat (rcatmcnts were to minimize the temporal kmgth
changes by a stress relieving opcra~ion and accclcra[ing  the aging process bc.fore 111>  Invar 36 is finished to size and
placed in service. ‘l’he heat trcatmcnls  incrcasc temporal stability but sometimes C1”E is sacrificed. In addition to
CI”E and temporal stability testing, thermal hysteresis testing wns performed in order to find out the effect of thermal
cycling expected during the Cassini  Mission. Thcrclore,  the heat trciltnl~nt  to yield the best temporal
stability/CI’13/thcr[l~al  hysteresis was to bc sclcctcd for flight USC.

It was phmncd  to perform the C’1’lVthcrmnl  hysteresis mcasurcmcnts individually for each spccimcn within
the tcmpcraturc  range of -50”C  to +50”C in 25°C increments and the overall C’I’E was to bc determined. llte
temporal stability test was planned to bc performed for at least 60 days at a tcmpcraturc  of 38°C because most
dimensiorml  instabilities were expected to occur at clmmtccl  tcrnpcraturcs during the first two months of testing.

S. MEASUREMENT METI1ODS

Two kinds of mcasurerncnts  were pcrformccl at Optical Scicnccs  Center, University of Arizona:

1. Thcrrnal  expansion (C1’E/thcrn~nl  hysteresis - change of length with tcn:peraturc),  and
2. Temporal instability (change of Icngth with time at constant temperature).

l:igurc 2. “1’ypical  Sanlplc/l  Italon Configuration.
Confocal diclcctic coa[cd mirrors arc held in place by gravity.

Both kinds of mcasurcmcnts rely on the same Iascr-interfcrornctric  principle. “1’hc sample is configured to
form the spnccr bctwccn  two concnvc mirrors, thereby forming a confocal  Fabry-Perot resonator (Fig. 2). A tunable
I IeNc lrmcr is opticnlly  aligned with this resonator, the cavity resonant frequency is observed, and the Iascr is then
locked to the cavity resonant frequency. I,iIstly, a record is made of this lmcr frequency with respect to a stabilized
rcfcrcncc laser. If at some later time the sarnplc length changes duc to tirnc or tcmpcrnturc  changes, then the cavity
rcsommccs  change by an amount Av. ‘1’his  frequency shift is measured by rclocking the turmblc  laser to the ncw cavity
resonant frequency and again comparing the laser frequency with respect to the rcfcrcncc laser. In this way, wc
obtain an absolute measure of sample Icn,gth change through the relation.

A shift  Av=474  MI lx corresponds to 1 ppm.

Fig. 3 shows the cxpcrinwntal arrangement used for C’1’l;/thcrnlal  hys[crcsis  measurements. A sample was
oriented vertical with optical axis in a vacuum bc(ter than .01 ‘1’orr. “l’he AI. and temperature data were recorded only
after smnplc  length stabilized to AI ,/1, c .001 ppmfllour.  C’1’11/thcrnml  hysteresis mcasurcrncnts  were performed
individually for each spccimcn in the temperature range of -50°C [o -t-50°C, stopping every 25°C to record Av and
tcmpcra[urc.  Plots were made of frequency shift vs. [cn~pcraturc, which vwrc convcrtcd  to AI,/I. vs. tcrnpcraturc. This
also showed in dctai] how much each sample failed  to return  to its original length upon returning to its original
tcmpcraturc  (rcfcrrcd  here as th~rn]ill  hysteresis).
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Figure 3. Two-laser nrrangcmcn(  used to measure thcrmrl  expansion.

Fig. 4 shows the :Irrnngcment  used for temporal stability mcasurcmcnts,  The massive copper sample  holder
had a capacity of 37 samples: 35 were supplied by J1’1.  (including some other dimcnsiomdly stable, nonmagnetic
cnndidnlc  materials), and two were supplied by the University of Arizona - a copper sample (used for temperature
stabili-zation)  and an optically contacted Homosil sample (USCXI  as a fused silica  double check on the stability of the
rcfcrcncc hrscr). Temporal stability testing was performed at 3&C for over 11 weeks (80 days), after which the
chamber tempcrnturc  was dropped down to ambient (27.5°C) and the spccimcn’s  length changes were monitored for
another 6 weeks (43 days). ‘1’hc copper rcfcrcnce sample irrdicatcd  the chamber temperature was held constant to &
.015°C.  The 1 Iomosil rcfcrcncc sample remained constont  in length with ~ ,01 PI’M, indicating that the stable
rcfcrcncc Iascr was indeed stable to 10”a over the test duration. Each weekday a measurement was made, sequentially,
of initial chamber tcmpcroturc,  each sample’s resonant frequency chnngc and find  chamber temperature. q%csc
rcsomrnt frequency changes were plotted vs. time and Iatcr convcrtcd  to AI./I. vs. time.
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l~igurc 4. Arrangement used to study changes of length at constani  temperature.
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6. TEST RESULTS

6.1. CTE/thcrnlal  hysteresis

All CIWthcrmal  hysteresis data is bricfiy summarized in “1’oblc  111, Typical curve length change vs.
temperature (sample 1{3) is presented in Fig. 5. Specimen dinmctcr  of 0.76 cm was used. In addition to overall CI’13
within the temperature range of -50”C to +50”C,  the CT13 within the tcmpcrrrture  range of O°C to 25*C was also
dctcrmincd for each material and shown in ‘l”ablc  III. “I”hc metering rods ore cxpcctcd  to sec this latter temperature
range most of the time during the Cmssini  mission,
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l:igure 5. ‘1’ypical  C’1’!3/llystcrcsis  dat a. “As rcceivcci”  %rmple }{3

It should be noted that several miichincd  find heat trcntcd 111) lnvar 36 specimens were bent (possibly duc to
machining) to the extent that CI’11 mcnsurcmcnts  were impossible, despite numerous attempts. Onc of the bent
tcrnporal  stability spccimcns  (1-12/1”) was rcplaccd  by a less-bent specimen (1-12/4*), which was barely usable for CTIZ
testing. l~urlhcrmore,  the 111’ Invar 36 Cl”ll  spccimcns from [hc 11.1’. #3 pool, such as 113/4*, 113/5* and 113/6*,  were
bent excessively and were not tested at all.

‘1’h~ C’1’l?  lest results indicated that among the 111’ lnvar 36 spccimcns measured, both the lowest Cr13 and
the lowest thcrrmrl hysteresis was found for samples in the “as extruded” condition. All heat treatments, except I-l.’I’.
#3 which was not tested for CT1’I;, increased C’1’1{ of 1-11) Invar 36 (almost four times from 0.2 ppnflC  to
approximately 0.8 ppn~flC).  “i’hc extent of cold-work in 11P lnvar 36 rods in “as extruded condition was apparcnily
sufficient to rcducc  the C1’1~ markedly at these test tcrnpcraturcs.  IIowcvcr,  all 111’ Inwrr 36 specimens (“as extruded”
and heat tren(cd)  meet the thermal expansion rcquircmcnts for metering rods of CT13 c 1 pprt@C. Although the
CI’1~ results for ail 111] Invar 36 specimens arc very consistent, the thermal hysteresis results showed some spccimcn-
to-spccimcn  variation, especially for the heat trcatcci  spccimcns. I lystcrcsis values ranged from 0.12 to 2.70
pprnlcyclc.

6.2. Temporal stability

‘l-hc tcmporai stabiiity  test was performed for a totai of 81 days at a tcmpcraturc  of 38°C. Subsequently the
tcrnpcraturc was dropped down to amhicnt  (27.5°C) and length  changes were monitored for about 6 weeks. Due to
cost considerations, ali sampic mirrors were hclci in piace  by gravity, ratilcr  than by optical contacting (previous lJ of
A study conciudcd the optical contacts were not essential} cspcciaily  for usual larger 2.54 to 3.17 cm diameter

“See Table I



specimens and mirrors). IIowcver,  the 1-11’ lnvar 36 specimens had small  diameters (about 0.76 cm), which
necessitated usc of small (and light weight) mirrors to form optical resonators. These small  mirrors were susceptible
to jumps and settlings caused by vibrations and perhaps dirt specks and/or electrostatic forces. Fortunately, wc had
more than onc specimen of each type which mndc it possible to draw conclusions, although with varying certainty.

All temporal stability data is summarized in ‘1’able IV. Typical temporal stability data (sample }112 #2) is
shown in Fig. 6. ‘Ile Icngih change rates rcprcscnt the slope of the linear portion of each AI./L vs. days, U of A has
fitted straight lines to the data. A least square analysis was not done because other uncertainties seemed far greater.
In U of A judgment, all the nonlinear data should be considered qucstionab]c  with the best possible conclusion
drawn from the linear segment, It was not clear how to interpret and qualify the data in cases where the length
changed in a nonlinear manner. “l-he  cause of the nonlinearity could have been material relaxation but U of A
suspcctcd  it was something like a speck of dirt or electrostatic charge repulsion. JPL analyzed the temporal stability
test results fitting exponential lines  to the data. It was concluded that the U of A interpretation represented
conservative, i.e., higher length change rate values when compared to the calculated rates where the nonlinear data is
considered, .
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l;igurc 6. “1’ypical  tcniporal  stability datn heat treated Sample 1112 #2

“llc  dimcnsion:d  stability cffcctivcncss  provictcd by any particular heat treatment of 111) Invar 36 was not
clear. Almost all specimens were shrinking no faster than 1 ppn~/year. The samples EI.T. #1 gave the most nonlinear
results at 38”C, while the 1-1. ‘1’. #3 provided the confident straight line data. The II,P. Invar 36 in “as extruded”
condition was the most unstable at 38°C for eleven weeks, however, upon dropping to 27.5°C for six weeks, it slowed
to about zero ppn~/year. ‘1’hcsc clcvcn weeks iit 38°C could bc a good stabilizing treatment for 11P Invar 36 to be
used at ambient tcmpcraturc.  Elowmwr,  since the temporal stability of two spccimcns were so different, there are
rcsiduiil  concerns. ‘1’hc ten)pcriltutx change from 3&C to 27.5°C did not trigger any drastic new length drift rate for
the heat treated 111) Invar spccimcns,  In general, it improvcci dimensional stability and provided more confident
straight line data for three-step hcnt trcilttncrtts  11,”1’.  #1 i]nd 11.”1’. #11 while a simple two-step stress relief/stabilizing
heat trcntmcnt 11.T. #3 was not much affected and gave straight line data and good temporal stability at both
tcmpcraturcs.



7. DISCUSSION

‘1’hc dimensional stability icst  results rcportccl here confirmed our original hypothesis: high purity (11P)  Invar
36 mactc by powder metallurgy is an exceptionally dimensional stable nmtcrinl.  It was proven that high purity (carbon
and other impurities con(cnt  cO.01%) ensured both low thermal expansion and exccllcnt temporal stability. CT13 <1
ppnv”C  along with temporal stability <1 ppn]/year were achicvcxt  together. ‘I”hcsc  dimensional stability characteristics
have never been reported before for any Ir-wwr material. Although low thcrrmd expansion (CTEl <1 ppmf’C)  had
been reported before, the temporal stability was sacrificed or not measured at that time, Previously reported low
Cl’E’s had been achieved by cold working, fast cooling during heat treatment and other thcrmomechanical  methods
which introduced temporal instabilities in Invar 36 nlatcri;lls.  Although internnl/quenching stresses could be reduced
by the stress relief hcxrt treatment, the cxpirnsion change is the carbon-dcpcndcnt phenomenon (Ref. 3) and
sometimes takes many years of natural and artificial (elevated temperature) aging to stabilize Invm 36 material with
high carbon and other impurities content. Also, the tcmpcraturc  change could trigger ncw length drift rate for

already stabilized commercial Invar 36.

According to the Lmnent  theory (Ref. 3), its high purity and extremely low carbon content of EIP Invar 36
eliminated the expansion with time (y- expansion phcnorncnon)  cnuscd  by redistribution of the carbon atoms in solid
solution. Actually, all 111>  Invar 36 spccimcns with or without the heat treirtments  were shrinking very slightly at
27.5°C and at 38°C m well  during temporal stability testing. It could bc interpreted (using above mentioned theory)
that this contraction was possibly due to the relief of intcrnill  stresses left after the thermomechrrnical  processes(e.g.,
extrusion)/l~cat treatments. It appears that powder metallurgy made 1-11> Invar 36 behaves in part similarly to
conventionally made Inwrr  36 especially in thermal expansivity area. l“hc lowest Cl’El  found in “as extruded” condition
indicates that cold working and other thermor-nechanic:ll  processes incrcasc thcrmirl  stability of 11P Invar 36 similar to
commcrciirl  lnwrr 36. Also, all stabilization heat trcatnlents with high temperature annealing (at 788”C)  incrcascd
CI’13 of 111’ Invar 36. EIowcver, all 1-11’ lnvar 36 specimens (“as extruded” and heat treated) had low C’IX of <1
ppm~C which suggests the high purity of 1-11’ Invar 36 ensured C1’13 low enough for all spccimcns  to meet thermal
stability rcquircmcnts  for the ISS/NAC metering rods.

Regarding long-term stability area, it is really difficult to distinguish any particular heat treatment of I-1P
Invar 36 as more cffcctivc than any other for temporal changes. Almost all spccinwns were shrinking no faster than 1
ppndycar  at both tcmpcraturm,  which is a noteworthy ochicvcmcnt  and meets temporal stability rcquircmcnts for
metering rods. Also, the temperature change from 38°C to 27.5°C,  unlike  sometimes in commercial lmmrs, did not
trigger any drastic new length drift rate for the heat treated 111’ Invar 36 specimens. llrrthcrmore,  irll heat treatments
could rmwt both thcrmirl  and temporal stability requirements but thcrmirl  hysteresis results showed some specimcn-
to-spccimcn  variation for the hcnt treated specimens. Although the lowest hystm-csis  results were for “as extruded”
condiiion,  it is suggested to test more specimens in each condition to have more conclusive results. “Ilc simple low
temperature , two-step stress relief/stabiliz.ing heat treatment (I 1.-1’. # 3) did not result in any significant stability
variation with temperature change iind provided more confident linear, temporal stability data at both tempcrntures
which is in agrccmcnt with some findings with conventionally made Invar 36 (Ref. 18). Unforturmtely,  the 11.T. #3
spccinwns were not tested for CV’I;/th~rn]i\l  hys[cresis  for some reasons describcci  above. llascd on previous studies,
wc can assume only the Ctll  values could  bc ]owcr  than  for Ihc high tcmpcraturc,  three-step heat treatments but wc
hOVC  no biisis to nlilk~ any assumptions regarding thernlill  hysteresis. l“hc three-step heat trcatmwrt 11.1’.# 11 appears
to hmw the lowest thernlill hysteresis among the heat trca(cd 111> Invar 36 spccimcns  with low thermal expansion and
good tcmpornl  stabili(y  as WC1l.

All the 27.5°C data showed cxcellcnt  temporal stability, but wc have no way to bc sure whirt would have
bnppcncd  without the previous clcvcn  weeks 3&C exposure, Onc cannot cscapc rwgarding the clcvcn  weeks at 38°C
as part of the heat treatment. Then, the :Issltred conclusion for the lowest C1’ll,  lowest hysteresis and the best
t~mporill  stability at ambient  tcmpuraturc (27.5”C)  could bc 111] Invar 36 in “as extruded” condition with 11 weeks
stabilization treatment at 38°C. I Iowcvcr,  this 111’ lnvar 36 was very unstab]c  (high Icngth chirrrge  mtc) at 38°C and
temporal stability of two spccimcns  at 27.50(; were not consistent, which ]nily cause some concerns. P~rhilps  Iongcr
time of ilgit]g  treatment at 38°C is needed  for complctc  st;~bilization  and very good temporal stability of “as extruded”
al ambient temperature.



8. CONCLUS1ONS

‘1’he  following summarizes the dimensional stability test results of our high purity 11P Invar 36. Despite some
unccrtnintics  in data interpretation of tcmpornl  stability test results, numerous points are clear here:

0 JPL has succeeded in obtaining possibly the most ditncnsionally stable Invar 36 material ever produced
(sometimes called FIP Irtvnr 36 or “JP1.  Invar”).

0 I-Iigh purity and cleanliness of HP Invar 36, i.e., carbon content <O1~o and other impurities c.01%
ensured both low thermal expansion and very good temporal stability.

0 Almost all I-1P Invar 36 spccimcns wet-c exceedingly stable with time
(C 1 ppm/year)  and temperature (< 1 ppnl~C).

0 l’hcrmal hysteresis results showccl  some spccimcn-to-spccimcn  variation. Although the lowest hysteresis
results were for “as extruded” condition, it is suggested to test more spccimcns in each condition to have
more conclusive results.

0 Stabilization hcnt treatments incrcascd  C’1’E  of 11P lnvar 36 (from 0.2 ppmf’C to approximately 0.8
ppIMC) but it was not very clcnr that any particular heat treatment was more effective than any other for
temporal stability. Almost al] spccimcns  were shrinking slower than 1 ppntiyear.

0 ‘1’crnpcrature  change from 38°C to 27.5°C did not trigger any drastic ncw length drift rate except for “as
extruded condition.

0 IIcat  treatment I-I.T.  #11 (Table 11) appears to bc the host among the three-step heat treated FIP Invar 36
specimens with low thermal hysteresis, low thermal expansion and good temporal stability as well.

0 Simple two-step heat treatment 11.’1’. #3 (’1’ab]c 11) did not result in any significant stability variation with
temperature change itnd provided more confident, lincm, temporal stability data at both temperatures.
Additional CIW/thcrn]al  hysteresis testing is rccomnwndcd.

0 I II’ Invar 36 in “0S extruded” condition with 11 weeks or longer stabilization treatment at 38°C could have
the lowest C-l”ll, thermal hysteresis and good tcmpora[  stability at 27.5”C.  ‘l-his  needs more investigation.
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TA31LE I

Clwmlcnl  Annlplt  Rtsnlls  of
Ill’ Ittvrir  36 Rod from IIlfkrcnt l~hs

(in weight pcrcenl)

Afelmls Allm Sprd.dly
Technology leslln~ Alloy J1’1,

Dcslrnhlc
CompslllonElemcnl

0.01

0.01

0.04

0.005

0.005

0.01

0.01

O,mol

36/24

REM

0.00s

0.01

0.04

0.003

0.002

0 . 0 0 2

<O,a)l

0.01

<0,004

<0,01

<0.01

<0,02

<0.0 I

<0.01

<0,01

c

Mn
Si

f’

s

cl

Al
Se

h!i

r.?

< 0 0 1 0005

0.003

<0,01

<0.001

<0.00001

36.0

RIZht

<0.01 <0.02< 0 0 1

36.0

REht

36,8

R E M

36.0+  0.1

R E M

Nole:

JPL  results should be Ifealed  as !he must reliabile  in Iighl of the methods employed.

TABLE 1[

Dimensional Stability Test Specimens

TEhlPORAL mu
STABILITY HISTERESIS

TEST TEST TOTAL

3
4
6
s
6
6

MATERIAL

HP Ivar 36:

As Received
H.T. #1
H.T. #11
H.T. #12
H.T. #2
H.T. #3

TOTAL NUMBER
OF SPECIMENS

NOTES:

HP Invar  36

ID

R
HI
Hll
H12
H2
H3

RI, R2
Hi/l; Hi/2; Hi/3

H1l/1: H1l/2; H1l/3

R3
H 1/4

H1l/4; H1l/5; H1l/6
H12/l; H12f2; H12C3

H2/l; H212:  H213
H3/l; H3i2;  H31’3

H12J4:  H1215
H214,  H.25; H216
H314;  H315; H316

17 13 30

H.T. #1

HT.  #11

H.T. #12

H.T. #2

H.T.#3

“Annealing at 788”C/30  min., slow cool
“Stress  relief at 31 fPC/1 hr.
*Aging at 93°C/48 hours

Specimens were rough machined. annealed and final machined before stress
relief and aging cycles per H.T. #1.

H.T. # 1 + 93”L28.5 days.

“Amrealing  at 788’’CI3O  min.. slow COOI.
“Aging at 934C196  hrs.

“Stress relief fit 316°C/1  hr.
“Aging at 9YC/48  hrs.

.
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TABLE 111

CTEJThermd  Ilysteresis  Test Results

C T E HE Hysteresis

O“c to 25°C .50”C  to +50”C .50”C  to

ID [PPml”cl [Ppln/Ocl [ppdCyclel
+50”C
MATERL4L

HP kwar

Aa Received

H.T. #1

R3 0.20 0.29 0.28

1.05
0.12
0.63

H 1/4 0.71
H1l/5 0.76
H1l/6 0.76

0.80
0.85
0.82

H.T. #12 H12/4 0.77
H12U 0.74

0.82
0.81

0.50
2.70

H.T. #2 H216 0.70 0.81 2.70

TARLE  IV

lk;ht~owl.  STAIJILITY  TILSI  RFAI.II,IS

w
II Winks— .  .————

KATE

Amldcnt (27.5”C)
6 Weck$

RAI  E
Nlnlerhl

III’ Invar

As Received

11) (ppmlyenr)

+ 2 4
-2.7

-5.6
-2.2
-1.4

-2.6
-1.0
< o

-1.5
-0.6

NO  Oata

-0.3
-1.0
-0.8

-1.1
-0.8
-08

0
+1
-1

-0.5
5-.

-2.5
-1.5
-2.5

-2.0
-0.5
+5,0

+ 3 0
+ 30

(ppmlyw) ttcmnrks

R!
R2

o
-1,2 Quest  iwaldcQwxtiomble

Qucslionahle
Questionable
Questionable

Qtmsliormble

Noisy

Quest icmal,le

Questiomsh!e

Qwxtionable

Questionable
Qucstirmable

1{1/1
111/2
111/3

-0.1 (jueslionahtc
o

_].~

11.1.  #11 1111/1
1111/2
1111/3

-0.6
-0.6
-1.2

}1.-1.  #12 1[12/1
}1122
11123

-0.4 Qucsliomhle
-0.6 Questionable

No Data

11.T.  #2 112/4
11?/2
lliY3

-1.2 QuestiOnatde
-0.1
-3.0 Questionable

11.1. #3 }13/1
113/2
I 13/3

-1.2
0

-1.0

Carbon/Carbcm (2C1
UC2
c/c3

+1
+1
o

SiC  hy CVD SiCl
SiC2

-0.4
-0,3

SiC+  Si SiCX$il
SiCXi2
SiCXSi3

-0.1
0
0

t,. [leek Ulli
45/45
oi90

- 2 0
-67
+3.2

Questionable

Ni/Cu  Con  ted  Gr/17poxy  0 0  I
003

‘t 20
+21


